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The k-e model, which has been modified to include the effects of mean streamline curvature, is used 
to predict rheJoM!field and the flow-through curve (FTC) in two model settling ranks. Predictions are 
compared nA measurements and with calculations using the standard k-e model. The results show 
the superiority oj’the modi’ed turbulence model over the standard model to predict the flow field and 
mixing characteristics. All calculaCons were curried out on a personal computer. 
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Introduction 
Settling tanks have been extensively used for the re- 
moval of suspended matter from water and wastewa- 
ter. Since the investment for settling tanks in treatment 
plants usually accounts for the one third of the total 
investment, the determination of removal efficiency of 
a sedimentation tank has been the subject of numerous 
theoretical and experimental studies. The removal ef- 
ficiency depends on the physical characteristics of the 
suspended solids (e.g., particle size, density, and set- 
tling velocity) as well as on the flow field and the mixing 
regime in the tank. Flow field and mixing can strongly 
affect the settling efficiency through flocculation, 
breakup, or reentrainement of solid particles. There- 
fore the determination of flow and mixing character- 
istics is essential for the prediction of the tank effi- 
ciency. 
Flow and mixing characteristics can be determined 
with the use of mathematical models. A mathematical 
flow field model can be “simple,” in which a pre- 
scribed shape (logarithmic, uniform, parabolic) for 
velocity I,* is adopted, or “sophisticated,” that is, based 
on a set of mean flow equations, which are solved 
numerically.3.4 Since the flow in settling tanks is fully 
turbulent, a turbulence model is usually employed for 
the determination of eddy viscosity and the description 
of turbulent mixing. In addition to turbulent (small- 
scale) mixing, large-scale (and usually intense) mixing 
occurs in zones with flow recirculation, which are pres- 
ent even at the simplest settling tank geometries.3 It is 
obvious that simple models ignore these zones and 
therefore are inadequate in predicting even approxi- 
mately the flow and mixing in settling tanks. 
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The validity of a mathematical model can be checked 
by comparison with experimental data including flow 
velocity profiles, streamline patterns, size of recircu- 
lation regions and dispersion or flow-through curves 
(FTC). A FTC represents the time response at the 
outlet of the tank to a tracer pulse in the inlet. The 
tracer enters the tank; passes through, undergoing the 
effects of convection of the mean velocity components, 
mixing due to turbulent diffusion, and mixing in large 
recirculation regions; and leaves the tank from the out- 
let, producing the FTC. Since a FTC contains infor- 
mation on the effects of convection and diffusion in 
the tank, it can be used to check the capability of a 
mathematical model to predict these effects. The FTC 
can be calculated from the solution of a nonsteady 
tracer concentration convection-diffusion equation. 
The purpose of this study is to investigate the suit- 
ability of a mathematical model in predicting the flow 
and mixing characteristics of rectangular settling tanks. 
Here, only nonbuoyant, two-dimensional turbulent flows 
are considered. The mathematical model consists of 
the flow equations for the prediction of the flow field 
and the tracer convection-diffusion equation for the 
prediction of FTC. For the determination of eddy vis- 
cosity (and tracer diffusivity) appearing in the model 
equations the k-e models is used, which has been mod- 
ified to take into account the effects of the mean 
streamline curvature.’ It will be shown that the use of 
the present modified version of the k-E model signifi- 
cantly improves model predictions. Model results are 
compared with experimental data (separation lengths, 
detailed flow velocity profiles, and FTC’s) from two 
laboratory settling tank models. All computations were 
performed with a personal computer (IBM PC-AT). 
Theoretical investigation 
The mathematical model consists of two parts: the flow 
field model and the tracer convection-diffusion model. 
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First, the flow field equations are solved for the de- 
termination of the flow field variables, which are stored 
to be used as input for the tracer convection-diffusion 
equation. Then the tracer convection-diffusion equa- 
tion is solved for the determination of the FTC. 
The distributions of k and E are calculated from the 
following semiempirical model transport equations: 
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Flow field model 
Governing equations. The flow field model predicts the 
flow velocities (U and V), the pressure (P), and the 
eddy viscosity (u,) within the tank. The mean flow 
equations describing the two-dimensional, steady, 
nonbuoyant incompressible flow in the vertical plane 
of a rectangular settling tank, as sketched in Figure 1, 
are as follows: 
Continuiry equation: 
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where x and y are the Cartesian coordinates as defined 
in Figure I and p is the fluid density. The pressure P 
represents at any point the pressure deviation from the 
hydrostatic pressure distribution and can be obtained 
as part of the solution. 
Turbulence model. The distribution of eddy viscosity 
(u,) is being determined with the k-e turbulence model, 
which relates uI to the turbulent kinetic energy (k) and 
the rate of its dissipation (E) via 
where P, is the production of turbulent energy by the 
mean velocity gradients given by 
P,=“[{*(32+2(32+ (z+32} (7) 
The standard values of the constants c, = 0.09, cl = 
1.44, c2 = 1.92, (T, = 1.22, and U& = I .O cited in the 
literature5 are used in the present formulation of the 
model. 
Modified k-e model with curvature effects. The stan- 
dard k-e model has been modified to include the influ- 
ence of streamline curvature on turbulence. For this 
reason the correction proposed by Launder et al.” for 
boundary layer flows on curved surfaces and rotating 
bodies has been introduced. In the work of Launder 
et a1.6 it has been assumed that effects of curvature on 
the length scale can be accommodated by changing 
only the primary decay term (that containing c2) by 
making the effective value of c2 depend on the tur- 
bulent Richardson number (Ri,), defined by 
k2 V,_, t3RV, 
Ri, = ~$7 (8) 
where VO is the local resultant velocity and R is the 
local radius of curvature defined by 
1 
E 
= UV(Wl0y - eulex) + u*(ev/8x) - V2(N_Jlsy) 
(CP + V)‘J 
(9) 
The form of the dissipation equation solved in the pres- 
ent work is thus 
k2 
v, = c,- 
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Figure 1. Schematic representation of the settling tank 
+ .,P,Z - c;: (IO) 
where c; = ~~(1 - c,.R;,) is the “effective” constant. 
The coefficients in (10) retain their standard values, 
and cc obtains the value of 0.2, proposed as the opti- 
mum value by Launder et a1.6 
According to equation (8), when the angular mo- 
mentum of the mean flow (RV,) increases with R, Ri, 
is positive and suppresses the eddy viscosity (cf. equa- 
tion (4)). The reverse effects are produced in a flow in 
352 Appl. Math. Modelling, 1991, Vol. 15, July 
Modelling of flow and mixing in settling tanks: A. I. Stamou 
which the angular momentum of the mean flow de- 
creases with R. No protections were required in the 
present calculations by postulating upper and lower 
limits to the values of R, or c;. 
Tracer convection-diffusion equation 
The tracer convection-diffusion equation has the fol- 
lowing form: 
in which C is the mean dye concentration, u,lg(. is the 
turbulent tracer diffusivity (assumed to be proportional 
to the eddy diffusivity), and vc.is the turbulent Schmidt 
number for the tracer. In this work, (TV has been chosen 
equal to 0.7. However, some calculations have been 
carried out with uc = 0.5 and (TV = I.0 to examine 
the effect of the level of turbulent diffusivity on the 
FTC. 
The solution of equation (11) determines the FTC. 
FTC’s have been extensively used for evaluating the 
hydraulic characteristics (degree of mixing, short cir- 
cuiting, dead zones, etc.) of settling tanks.’ 
Boundary and initial conditions 
Figure 1 depicts the settling tank examined, in which 
the fluid enters through a slot (BC) and exits over a 
weir (EF) at the upper right corner. 
Along the inlet (BC) the V-velocity was set to zero, 
and the following uniform inlet profiles for U, K, and 
E were used, as already applied in the work of Celik 
et al.3 and Stamou et al.4: 
U = U0 = Q/Ww, k = k,, = c,U;, 
and e = Eg = k’-5// 
(12) 
where Q is the flow discharge, w is the slot opening, 
and W is the width of the tank. The constant c, was 
taken equal to 0.03, so kO was set equal to the exper- 
imentally determined average k-value at the closest to 
the inlet measuring station; I was taken equal to the 
mixing length of a slot jet, that is, I = 0.045~. How- 
ever, some calculations using various c, and 1 values 
were performed to examine the effect of these inlet 
constants on the flow field characteristics. 
At the outlet (EF) the experimentally determined 
value of the head over the weir was used in the com- 
putations assuming that the water surface over the weir 
is level. The U-velocity profile was calculated from the 
upstream profile just inside the tank by assuming that 
the shape of the profile remains the same and by in- 
crementing the velocity at each corresponding node 
uniformly, such that the outflow rate matched the in- 
flow rate. The V-velocity as well as the gradients of 
all the other variables (k, E, and C) were set to zero, 
thus having no upstream influence. 
At the solid walls (AB, CD, DC, and GF) the wall 
function approach was used, which effectively pre- 
scribes boundary conditions for U, V, k, and E not at 
the wall itself but at near-wall points (P) outside the 
viscous sublayer. At these points the velocity distri- 
bution was assumed to follow the logarithmic law of 
the wall: 
u, I - = ;ln [Ey’] 
UT 
(13) 
which forms the boundary condition for the velocity 
parallel to the wall, Up. Hence, K is the von Karman 
constant (K = 0.42), yc = yUJu with y normal dis- 
tance from the wall to point P, E is an empirical con- 
stant, u is the molecular viscosity, and CJ7. is the wall 
friction velocity at the location considered. The com- 
ponent of the velocity normal to the wall was set to 
zero. Furthermore, turbulence was assumed to be in 
a state of local equilibrium at the near-wall point P, 
which together with (13) yields the following conditions 
for k and E at this point: 
k = .+/CO.5 
* and E = U;iKy (14) 
Owing to the low velocities in the tank, the surface 
elevation (AE) was assumed to be constant, and the 
free surface was treated as a rigid lid, that is, the 
V-velocity was set to zero and the normal gradients of 
all other variables were assumed to be zero. 
For the FTC calculations a step function pulse of 
the tracer was imposed at the inlet (BC) analogous to 
that in the experiments simulated in the present study; 
that is, C = I for all t in the interval 0 5 t 5 texp, fexp 
being the duration of the pulse in the experiments. At 
t = 0, C was set equal to zero everywhere in the tank, 
that is, there was initially no tracer in the tank. It was 
also assumed that there was no flux of tracer to the 
walls or bottom or across the surface, that is, all gra- 
dients normal to side and bottom walls or surface were 
set to zero. 
Solution procedure 
The basis of the formulation of the present flow field 
model was the TEACH code of Gosman and Pun.x Two 
major changes were employed in the present model 
with respect to the original TEACH code. The first 
involves the use of the Stone’s strongly implicit so- 
lution algorithm’ instead of the conventional line-by- 
line (LBL) method. The second change is the use of 
the SIMPLEC algorithm’O for the pressure correction 
equation rather than the SIMPLE algorithm. 
In the present flow field calculations the hybrid (cen- 
tral for Pe 5 2 and upwind for Pe > 2) differencing 
scheme (CUDS) was used for all flow field variables. 
The CUDS was selected because of its simplicity and 
high rate of convergence, although it suffers from nu- 
merical diffusion, when the first-order accurate upwind 
scheme is applied (i.e., when Pe > 2). The numerical 
diffusion can lead to errors when the velocity vectors 
do not align with the coordinate lines. Calculations are 
now in progress at the National Technical University 
of Athens in which the CUDS is being replaced by 
schemes having little or no numerical diffusion, such 
as the CSUDS (central for Pe I 2 and skew upwind 
for Pe > 2) proposed by Raithby” and applied by Les- 
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chiner and Rodir2 and Durst and Rastogi” and quad- 
ratic schemes (e.g., QUICKi4). These schemes are ap- 
plied only in the U and V momentum equations, since 
the conservation equations for k and E are dominated 
by production and dissipation terms, and so their dis- 
cretization schemes are not very critical’*,r3 and there- 
fore they are kept as simple as possible. The results 
will be compared to the present calculations in a future 
publication. 
For the numerical calculation of the FTC the model 
uses the fully implicit first-order temporal discretiza- 
tion method. Furthermore, it does not employ the CUDS 
used in the flow field model for the convective terms 
and applied in the work of Celik et al.,’ but rather the 
QUICKI scheme to reduce the numerical diffusion. 
The Courant numbers used in the FTC runs were on 
the order of 5, after a preliminary investigation showed 
that these values ensured time step independence. 
Experimental investigation 
Dye visualization, LDA measurements, and FTC ex- 
periments were carried out to provide experimental 
information for the verification of the mathematical 
model. 
Experiments were performed in two model settling 
tanks with the geometrical characteristics shown in 
Table I (see also Figure I). Model A was located at 
the Applied Hydraulics Laboratory, Civil Engineering 
Department, National Technical University of Athens, 
Greece; Model B was located at the Hydromechanics 
Laboratory, Department of Civil Engineering, Uni- 
versity of Karlsruhe, West Germany. The main char- 
acteristics of both models were (1) an inlet slot, (2) a 
perfectly flat and smooth bottom, (3) side walls made 
of glass for optical access, and (4) a movable outlet 
weir for the control of flow depth. 
Flow visualization 
Flow visualization was used to measure the top (L.,) 
and bottom (L,,) separation lengths (see Figure I) in 
both model tanks. For these measurements, tracer was 
injected slowly into the recirculation regions from a 
hand-held tube, positioned so that the effect of the 
injected-dye momentum would be minimized. Because 
of low-frequency motions in this area,” several dif- 
ferent trials of dye visualization were averaged over a 
period of 20-30 minutes. With this methodology the 
error in the relative reattachment position was esti- 
mated to be r 15%. 
Table 1. Geometrical characteristics of the experimental 
models 
Model L km) W (cm) l-b km) H, (cm) w (cm) 
A 189.0 39.5 6.5 3.4-6.2 1 
B 250.0 so.5 10.0 1 .o- 10.0 2 
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LDA measurements 
Detailed LDA measurements were performed in model 
B with a 1.5-W argon-ion single-component LDA sys- 
tem. The transmission-focusing optics, located at the 
one side of the model, consisted of a beam splitter, a 
Bragg cell, and a lens to focus and cross the laser beams 
in the test section center plane. The light scattered by 
small particles suspended in the fluid was collected by 
a lens on the other side of the model and focused at a 
pinhole in front of a photomultiplier. The electrical 
output signal of the photomultiplier was first high- and 
low-pass filtered to eliminate the noise and pedestal 
signal and then passed to a transient recorder. The 
transient recorder digitized the signal and transferred 
it to a HP-3 10 computer, where the mean velocity and 
R.M.S. velocity were computed. The uncertainty of 
the mean velocity measurements was estimated to be 
1% of the inlet (reference) velocity. 
FTC experiments 
FTC experiments were carried out in both model tanks. 
A known volume of fluorescent racer (Rhodamine WT) 
was injected in the inlet slot of the tank from a series 
of small-diameter pipes, producing a very well distrib- 
uted line source, over a relatively short time approach- 
ing a pulse input. The effluent at the outlet of the tank 
was sampled continuously at a single point using a 
Model III Turner Fluorometer. The fluorometer output 
was connected to a digital voltmeter. Voltmeter read- 
ings were transferred to a personal computer (an IBM 
PC-AT for model A and a HP-310 for model B) and 
were processed to produce a normalized FTC, that is, 
c = C/C,, versus 8 = tlT and the area under the curve 
equal to unity, where C,, is the average concentration 
of tracer in the tank and T is the theoretical detention 
time. FTC experiments were repeated 8-10 times at 
different sampling positions at the outlet and were av- 
eraged to produce a representative average FTC. From 
this averaging procedure the uncertainty of the nor- 
malized FTC values was estimated to be 25% with a 
noticeably much higher sensitivity (5 15%) in the mea- 
surement of the FTC peak value. 
Application of the model 
The mathematical model was applied for the prediction 
of separation lengths, steady-state velocity field, and 
FTC. Calculations were performed (1) by using the 
standard k-e model, in which case the model was char- 
acterized as “standard,” and (2) by using the modified 
version of the k-e model with the LPS modification, in 
which case the model was characterized as “modi- 
tied.” 
Preliminary test calculations have been performed 
to determine the size of grid required to ensure grid 
independence. Four grids were tested: 100 x 30 (with 
a mainframe computer), 60 x 30, 30 x 30, and 15 X 
30, for which the separation lengths were calculated 
and compared. On the basis of this investigation it was 
decided to use a 60 x 30 expanding grid, for which 
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the calculated separation lengths were only 2% differ- 
ent from those calculated with the 100 x 30 grid. 
mental value. Predictions of the short separation length 
are not affected by the use of the LPS modification 
and are generally smaller than the measurements. 
However, this difference does not significantly affect 
the hydrodynamics of the tank, owing to the very small 
size of the small recirculation region (L, < LJ8). 
Velocity field predictions. Detailed velocity field pre- 
dictions were made for the water depth of H = 17 cm 
and a Reynolds number Re = 2500 (Case 9 of 
Tuble 2). 
Velocity vector plots of the computed velocity fields 
with the standard and modified models are presented 
in Figlives 2(a) and 2(b), respectively. The size of the 
top recirculation region is not affected significantly by 
the use of the LPS modification. However, the pre- 
dicted negative surface velocities with the modified 
model close to the inlet wall are significantly higher 
than those with the standard model. However, the bot- 
tom recircularion region is strongly affected by the use 
of the LPS modification, and the separation length pre- 
dicted by the standard model is 57% of the separation 
length predicted with the modified model. After reat- 
tachment the predicted flow fields are identical and 
show a unidirectional, plug flow behavior. The pres- 
ence of the outlet is felt just one depth upstream of the 
outlet weir, as the velocity vectors converge toward 
the upper right-hand corner of the tank. A close in- 
spection of the vector plots reveals two small recir- 
culation eddies in the bottom left and right corners. 
A detailed comparison of the predicted and mea- 
sured velocity profiles is shown in Figure 3. Since only 
the long separation length predicted with the modified 
model (equal to 8.3 depths) showed a very good agree- 
ment with the experimental value (7.7-8.8 depths), a 
satisfactory prediction of the flow field (at least near 
the separation region) is expected only with this mod- 
Flow field calculations 
Separation length predictions. The flow pattern for the 
geometry of the tank investigated (see Figure I) is 
characterized by a small recirculation region formed 
near the surface and a large recirculation region in the 
bottom. These recirculation regions are of intense mix- 
ing and thus have a substantial impact on the hydro- 
dynamics and the efficiency of the settling tank. There- 
fore it is very important for a mathematical model to 
be capable of predicting the size of these recirculation 
regions. 
Calculations were performed and compared with ex- 
periments for a series of water depths and Reynolds 
numbers. As is shown in Tuble 2, the standard model 
tends to underpredict the short and long separation 
lengths. This underprediction, when compared to the 
mean experimental value, is approximately 40%. A 
similar behavior of the standard k-e model was also 
observed by Kline et al. Ih for the prediction of the 
separation length over a backward-facing step and also 
by Durst and Rastogi I’ for the prediction of the sep- 
aration length over a thin fence (34.3% underpre- 
diction). Durst and Rastogi13 applied the LPS moditi- 
cation in the k-e model, and their new prediction was 
very close to the experimental value (+5.3% devia- 
tion). Furthermore. Lay’s” calculations using the stan- 
dard k-e model for the prediction of the separation 
length behind an obstacle have shown a significant 
underprediction (28.6%). but with the LPS moditica- 
tion the deviation was only +8%. The same effect is 
observed in the present calculations, in which the use 
of the LPS modification improves significantly the pre- 
dictions of the longer separation length, leading to an 
average difference of ~8% from the average experi- 
Table 2. Calculated and measured separation lengths 
Case 
LblH LJH 
H km) Re Standard Modified Experimental Standard Modified Experimental 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
4.1 
4.5 
4.5 
5.3 
4.5 
4.7 
4.9 
4.9 
4.7 
4.9 
4.9 
4.9 
4.7 
4.7 
4.8 
4.8 
5.1 
4.9 
6.1 
6.1 
7.4 
6.7 
5.7 
7.9 
8.3 
8.3 
4.4-5.4 0.6 0.6 
5.8-6.8 0.6 0.6 
6.8-7.6 0.7 0.7 
6.4-7.9 0.0 0.0 
5.4-6.7 0.2 0.3 
1.1-1.2 
1.1-1.2 
1.1-1.1 
0.0 
0.6-0.9 
1.1-1.2 
1.0-1.1 
0.9-1.1 
0.9-1.2 
0.9-1.1 
0.9-1.2 
0.9-1.1 
0.5-0.8 
0.6-0.8 
0.6-0.8 
0.6-0.8 
17.0 
17.0 
20.0 
11.0 
13.0 
17.0 
20.0 
20.0 
17.0 
20.0 
17.0 
20.0 
11.1 
11.2 
11.4 
9.9 
11.5 
12.7 
6.9-7.9 0.5 0.6 
7.0-8.0 0.7 0.7 
2400 
2500 
6.3-8.2 0.7 0.7 
8.3 7.7-8.8 0.6 0.6 
8.4 7.2-8.4 0.7 0.7 
4000 
4000 
1010 
1400 
1870 
2130 
2130 
2130 
8.4 
8.8 
8.2 
8.3 
8.5 
8.5 
8.7 
8.7 
7.6-8.6 0.6 0.6 
7.5-8.8 0.7 0.7 
6.7-7.1 0.6 0.6 
7.1-8.3 0.6 0.6 
7.4-8.5 0.6 0.6 
8.2-9.2 0.5 0.5 
7.5-8.7 0.6 0.6 
6.9-7.9 0.7 0.7 
0.6-0.9 
0.6-0.9 
0.6-0.9 
0.6-0.8 
10.5 2250 4.9 8.7 7.8-8.8 0.5 0.5 
12.5 2250 5.0 9.4 6.8-9.8 0.7 0.7 
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(b) 
Figure 2. Calculated velocity vector plots. (a) Standard k-6 model; 
(b) modified k-e model 
ified model. Indeed, as deduced from Figure 3, the 
superiority of the predictions with the modified k-c 
model is evident in all parts of the tank, especially in 
the separation region. However, the agreement in the 
inlet region at the first measuring section (x/H = 0.40) 
is not entirely satisfactory. 
At this section the mixing of inlet jet seems to be 
more intense in the calculations, and the surface (neg- 
ative) velocity is significantly overpredicted (see also 
Figure 2). The same behavior was observed by Les- 
chiner and Rodi’* in their flow velocity predictions in 
a twin parallel plane jet using the CUDS. This dis- 
crepancy can be attributed partly to the significant nu- 
merical diffusion and partly to the three-dimensionality 
of the flow, whose effects are more pronounced in the 
inlet region. 
The numerical diffusion is associated with the ap- 
plied upwind scheme, since the cell Peclet numbers 
exceed the limit value of 2.0 in the greatest portion of 
the tank in both standard and modified model calcu- 
lations. It is expected that the use of a numerical scheme 
with less numerical diffusion (CSUDS or QUICK) would 
certainly improve the agreement between calculations 
and measurements in this region, as has already been 
experienced by Leschiner and Rodii2 in their calcu- 
lations. 
The three-dimensionality of the velocity measure- 
ments near the inlet was checked by calculating the 
integral of the I/-velocity profile in the y-direction and 
comparing its value to the nominal inlet discharge q = 
Q/W. At x/H = 0.40 the disparity was too high ( + 50%) 
to be attributed solely to measurement errors or to 
errors in integration. The explanation that 3-D effects 
can be responsible for this behavior was verified by 
Adams and Stamou,i8 who presented flow visualiza- 
tion evidence of plan recirculation eddies in the neigh- 
Figure 3. Velocity profiles (U/U0 versus y/H). Dashed curves 
denote predictions with the standard k-c model; solid curves 
denote predictions with the modified k-t model; triangles denote 
measurements 
II . 
Figure 4. Calculated k-profiles. Dashed curves denote profiles 
with the standard k-c model; solid curves denote profiles with 
the modified k-e model 
borhood of the inlet, which disappeared farther down- 
stream. Abbot and Kline,” who investigated the flow 
over backward-facing steps (at higher Reynolds num- 
bers), also found 3-D effects only near the step. Thus 
3-D effects can be also partly responsible for the dif- 
ferences between measurements and predictions at 
xlH = 0.4. 
In all other measuring sections the agreement is very 
satisfactory, showing the capability of the present 
modified version of the k-e model to predict the flow 
near separated regions. As was expected, several depths 
after reattachment (x/H > 8.8) the use of the LPS 
modification does not affect computations. 
Predicted k-profiles with the standard and modified 
model are shown in Figure 4 in the same x/H locations 
as in Figure 3. At x/H = 0.4, k-levels below the inlet 
are very small and are not affected by the use of the 
LPS modification, owing to the low streamline cur- 
vature in the bottom recirculation region. Above the 
inlet the k-production predicted with the standard model 
is very high. With the modified model, however, the 
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very strong streamline curvature, shown clearly in Fig- 
ure 2, suppresses significantly the production of k and 
results in very small k values. After the reattachment 
of the small recirculation region (x/H > 1 .O), predicted 
k-values with the modified model are consistently lower 
than the standard model predictions, especially in the 
bottom recirculation region, where curvature effects 
are more important. Beyond reattachment of the bot- 
tom recirculation region (x/H > 8.8) the k-levels are 
rather low and uniform and are not affected by the use 
of the LPS modification, since the flow is unidirec- 
tional. 
Effect of inlet constants. The calculations presented so 
far were obtained with the following values of inlet 
constants: c, = 0.03 and 1 = 0.045~3. To examine the 
influence of these constants on the flow field, calcu- 
lations have also been performed with c, ranging from 
0.03 to 0.09 and I values ranging from 0.045~~ to 0.450\2,. 
Despite these large changes of c, and I, the separation 
lengths were not significantly affected. Generally, for 
a 100% increase in c, (or a 100% decrease in I) an 
increase of only I% was observed in the calculated 
separation lengths. Furthermore, the calculated flow 
fields showed some changes (albeit not significant ones) 
only in the regions of flow reattachment, while k-pro- 
files were affected mainly in the inlet region (owing to 
the changes of k,, and E()). Generally, these flow field 
differences are not considered significant. It is thus 
believed that specification of the correct order of mag- 
nitude of c, and I should be sufficient to model the flow 
field properly. 
FTC predictions 
The shape characteristics of a FTC can be used to draw 
conclusions about the flow and mixing characteristics 
(e.g., short circuiting and mixing) in a settling tank.’ 
For example, low initial arrival and maximum concen- 
tration times (0,) and Om;rx, respectively) indicate a se- 
vere level of short-circuiting in the tank, and low max- 
imum concentration (cmax) values indicate high levels 
of mixing. Separation regions in settling tanks are re- 
gions of extremely intense mixing. Therefore their vol- 
ume (or at first approximation their separation length) 
can be used as a measure of the degree of mixing. Large 
separation regions are also associated with severe short- 
circuiting, since the size of the separation region is a 
measure for the unused space in a tank. 
The calculated FTC’s corresponding to the flow fields 
of Figure 2 are presented in Figure 5 together with the 
experimental FTC. As was expected, the FTC calcu- 
lated by using the predicted flow field with the modified 
model shows very good agreement with the experi- 
mental FTC. According to the FTC experiment, the 
tracer appears at the outlet of the tank at time 0,, = 
0.34 and reaches its maximum concentration (c.,,, = 
1.54) at time 19,,, = 0.59. The initial arrival time for 
the predicted FTC (0, = 0.35) almost coincides with 
the experimental value, owing to the satisfactory pre- 
diction of the long separation length, which controls 
short-circuiting in the tank and hence the initial arrival 
2.0 , 
1.5 - 
c 1.0- 
0.5- 
0.0 
0.0 1.0 2.0 3.10 4.0 
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Figure 5. Calculated and experimental FTC’s (c = C/C, versus 
0 = t/T). The dashed curve denotes the predicted FTC with the 
standard k-t model; the solid curve denotes the predicted FTC 
with the modified k-c model; the dotted curve denotes the ex- 
perimental FTC 
time of the tracer at the outlet. A very good agreement 
is obvious in all parts of the curve (rising and falling 
limbs), showing that mixing is also well predicted with 
this modified version of the k-e model. However the 
only difference (a not very significant one) can be ob- 
served in the region of the peak value, which can be 
attributed to the high experimental uncertainty of 
the FTC coordinates in the region of maximum con- 
centration. 
The FTC predicted with the standard model is not 
in good agreement with the experiment (see Figure 5). 
Discrepancies can be attributed to the poor prediction 
of the long separation length (42% shorter than the 
experimental value), which results in a later appear- 
ance of tracer at the outlet (0,, = 0.48). Furthermore, 
since the separation length is calculated to be shorter, 
the predicted mixing occurring in the recirculation re- 
gion is less than the experimental mixing, and thus a 
much higher maximum calculated concentration is ex- 
pected. Indeed, the predicted value (cmax = 1.89) is 
23% higher than the experimental value. 
A similar behavior was observed for a series of FTC’s 
in both tanks. FTC calculations have also been per- 
formed by using (TV = I .O and (TV = 0.5. No significant 
changes were observed in the shape and characteristics 
of the curve (also noted by Stamou et al.4), showing 
practically the independence of the calculated FTC of 
the value of (TV used. 
Churacterisrics of the culculutions 
Calculations have been performed at the Laboratory 
of Applied Hydraulics of the National Technical Uni- 
versity of Athens, using an IBM PC-AT (with a 80287 
mathematical processor) running at IO MHz. For the 
flow field calculations the computational speed was 56 
it/h (iterations/hour). Since 450 iterations were nec- 
essary for convergence, a total computation time of 8 
hours was required. Convergence was achieved when 
the sum of the departures from the balance equations 
(I), (2), (3), (5), and (6) or (IO) over each control volume 
fell below a preset level. Here a normalized value of 
0.001 was used. For the FTC calculations the speed of 
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computations was 16.5 it/h. For a computational period 
of three theoretical detention times a total number of 
1500 iterations and a total calculation time of 9 hours 
were required. 
Conclusions 
The k-E turbulence model, modified to include the ef- 
fects of the mean streamline curvature, is applied to 
predict flow and mixing characteristics in two model 
settling tanks with simple rectangular geometry. 
From a comparison of model predictions and mea- 
surements of (1) separation lengths, (2) detailed LDA 
velocity profiles, and (3) FTC the following conclu- 
sions are drawn: 
The long (bottom) separation length, which signif- 
icantly affects the hydrodynamic behavior of the 
tank for the geometry investigated (since it controls 
large-scale mixing to a large extent), is very well 
predicted. The prediction error (? 8%) is consid- 
erably smaller than that involved in the standard 
k-E model (usually 40%). 
The good prediction of the long separation length 
permits the satisfactory simulation of the velocity 
field, especially in the separation region. 
The FTC is also well predicted, showing the ca- 
pability of the present modified model to simulate 
mixing. 
Therefore the present modified k-E model can be ap- 
plied to determine the flow and mixing characteristics 
of a settling tank and can help toward the solution of 
the practical problem of dimensioning a settling tank 
using a systematic and rational approach. 
Acknowledgment 
Part of the present work was performed in the Institute 
of Hydromechanics, University of Karlsruhe, West 
Germany, sponsored by the Deutsche Forschungsge- 
meinschaft through the SFB210 and supervised by Pro- 
fessor W. Rodi. 
References 
I Dobbins, W. E. Effects of turbulence on sedimentation. Truns. 
ASCE 1944, Vol. 109(2218), 629-656 
2 
3 
4 
5 
6 
7 
8 
9 
10 
II 
12 
13 
14 
15 
16 
17 
18 
19 
Sarikaya, H. Z. Numerical model for discrete settling. J. Hy- 
dra&. Div. ASCE 1977, 103(HY8), 865-877 
Celik, I., Rodi, W. and Stamou, A. I. Prediction of hydrody- 
namic characteristics of rectangular settling tanks. Interna- 
tional Symposium of Refined Flow Modeling and Turbulent 
Measurements, Iowa City, Iowa, USA, I985 
Stamou, A. I., Adams, E. W. and Rodi, W. Numerical mod- 
eling of flow and settling in primary rectangular clarifiers. IAHR 
1989, 27(5), 665-682 
Rodi, W. Turbulence Models and Their Application in Hy- 
draulics-A State of the Art Review. IAHR, Delft, The Neth- 
erlands, 1980 
Launder, B. E., Priddin, C. H. and Sharma, B. I. The calcu- 
lation of turbulent boundary layers on spinning and curved 
surfaces. J. Fluid Engrg. 1977, 9, 231-239 
Stamou, A. I. and Adams, E. W. Study of the hydraulic be- 
havior of a model settling tank using flow through curves and 
flow patterns. SFB 210/E/36, Inst. of Hydromechanics, Univ. 
of Karlsruhe, West Germany, 1988 
Gosman, A. D. and Pun, W. M. Lecture notes for calculations 
on recirculation flows. HTS/74/2, Imperial College, London, 
1974 
Stone, H. L. Iterative solution of implicit approximations of 
multidimensional partial differential equations. SIAM J. Nu- 
mer. Anal. 1968, S(3), 530-558 
Doormal, Van. J. P. and Raithby, G. D. Enhancements of the 
simple method for predicting incompressible fluid flows. Nu- 
mer. Heat Transfer 1984, 7, 147-163 
Raithby, Cl. D. Skew-upwind differencing schemes for prob- 
lems involving fluid flow. Comput. Methods Appl. Mech. Engrg. 
1976, 9, 153-164 
Leschiner, M. A. and Rodi, W. Calculation of annular and twin 
parallel jets using various discretization schemes and turbu- 
lence-model variations. Tratzs. ASME 1981, 103, 352-360 
Durst, F. and Rastogi, A. K. Turbulent flow over two dimen- 
sional fences. Turbulent Shear Flows, ed. F. Durst, B. E. Laun- 
der, F. Schmidt, and J. H. Whitelaw. Springer-Verlag, Berlin, 
1980. pp. 218-233 
Leonard, B. P. A stable and accurate convective modeling 
procedure based on quadratic upstream interpolation. Comput. 
Methods Appl. Mech. Engrg. 1979, 19, 59-98 
Eaton. J. K. and Johnston, J. P. A review of research on 
subsonic turbulent flow reattachment. J. AIAA 1981. 19(9), 
1093-I 100 
Kline, S. J., Cantwell, B. and Lilley, G. M., eds. Proc. 1980-1981 
AFOSR-HTTM Stanford Conference on Complex Turbulent 
Flows, 1982, 2, Stanford Univ., 886-904 
Loy, T. Personal communication, 1990 
Adams, E. W. and Stamou, A. I. A study of the flow in a two- 
dimensional model settling basin. 1: Slot inlet. SFB210iEi40, 
Institute of Hydromechanics, Univ. of Karlsruhe, West Ger- 
many, 1988 
Abbot, D. E. and Kline, S. J. Experimental investigation of 
subsonic turbulent flow over single and double backward facing 
steps. J. Basic Engrg. ASME 1962, 84, 317-325 
358 Appl. Math. Modelling, 1991, Vol. 15, July 
